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Abstract 
Energy is by far the most expensive component of the diet and, as such, influences the cost of feeding 
pigs more than any nutrient. Apart from its expense, energy is a critical topic because the level of energy 
in the diet influences the rate and efficiency of gain, the quality of the resulting carcass and even the 
quality of the pork produced from the carcass. Unfortunately, as important as energy is, it is not a well-
understood topic, due to its complexity. Unlike nutrients in the diet, energy is supplied by numerous 
dietary constituents, namely amino acids; lipids; simple sugars arising from starch, lactose and sucrose; 
and complex carbohydrates more commonly known as fibre. Each of these is utilized by the pig as an 
energy source in different manners, and, indeed, the variation in utilization is also influenced by its 
metabolic fate. 
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Energy is by far the most expensive component of the diet and, as such, influences the 
cost of feeding pigs more than any nutrient. Apart from its expense, energy is a critical 
topic because the level of energy in the diet influences the rate and efficiency of gain, 
the quality of the result ing carcass and even the quality of the pork produced from the 
carcass. Unfortunately, as important as energy is, it is not a well-understood topic, due 
to its complexity. Unlike nutrients in the diet, energy is supplied by numerous dietary 
constituents, namely amino acids; lipids; simple sugars arising from starch, lactose and 
sucrose; and complex carbohydrates more commonly known as fibre. Each of these is 
utilized by the pig as an energy source in different manners, and, indeed, the variation in 
utilization is also influenced by its metabolic fate. 
The study of energy in nutrition goes back about three centuries, and during that period, 
much has been learned about the different sources of energy and how to formulate diets 
to meet the energy needs of the p ig. Evolving from this research have been energy 
systems, such as d igestible energy (DE), metabolizable energy (ME), net energy (NE) 
and, most recently in Denmark, the potential physiological energy (PPE) system. Each has 
advantages and disadvantages, and is used to a significant extent in various countries 
around the world. 
http://dx.doi.org/10. 19103/AS.2017.0013.07 
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Defining the energy requirement of the pig, as a unique and distinct quantity, is not possible 
and rarely attempted. This is due to the fact that the pig responds to dietary energy in a 
continuous fashion, like it does to nutrients, but the profile of the response differs. In the case 
of nutrients, a level in the diet can be defined at which pig performance is maximized. Feeding 
higher levels will not result in any improvement in performance; of course, the requirement 
may differ depending on the outcome being measured, such as growth rate or feed efficiency. 
Once the requirement for that outcome is reached, however, feeding higher levels will provide 
no further improvement. In the case of energy, no such maximum exists. A level of energy 
can be defined to maximize growth rate, but feeding higher levels of energy will continue 
to improve feed efficiency in an almost limitless fashion. Like nutrients, the level of energy 
that maximizes growth rate will be dependent on environmental influences, including health, 
housing and ambient condit ions, as well as the genotype of the pig. Thus, the response to 
energy is viewed more as a continuum than is the case with nutrients - although a continuum 
exists therein as well. The level of energy desired in a d iet-the so-called requirement-will be 
established based ultimately on feed cost in balance with revenue. 
This chapter will discuss the basics of energy metabolism, energy systems, energy 
sources, energy requirements and methods to improve the utilization of energy by the 
pig. It will end with a brief discussion on the future of research on th is topic and will g ive 
guidance about where interested readers can obtain further information on energy. 
2 Pig energy requirements: importance and challenges 
Meeting the energy specifications of a d iet represents the largest proportion of its total 
cost. Also, energy provided by the diet affects the level of growth performance, such as 
rate and efficiency of gain, and will also impact the quality of the carcass. Consequently, 
selecting the optimal concentration of energy in the diet is critical to success in pork 
production. If the selected energy concentration in the diet is too low, pig performance 
will suffer. If it is too high, the cost of feeding the pig will be excessive, and there is also 
the possibility of a poor quality carcass. 
Yet, few tables of nutrient requirements specify a 'requirement' for energy per se 
(e.g. NRC, 2012). There are many reasons for this, but the most important one is that 
selection of the concentration of energy in the diet represents a critical balance among 
factors such as cost, the energy level of available ingredients and the level of growth 
performance desired. If the diet contains a higher level of energy, feed efficiency will 
improve and rate of growth may or may not increase (more on this later) but the cost of 
the diet wi ll almost certainly escalate. Depending on the cost of energy, the improvement 
in feed efficiency may resu lt in an equal or even lower feed cost per pig; however, in most 
situations, the improvement in feed efficiency is not sufficient to overcome the increased 
cost of the diet, so the feed cost per pig increases. It then comes down to the improvement 
in growth rate. If a heavier pig results from the faster growth rate, then the added feed cost 
may be offset by the increased value of the market hog. 
As important as energy concentration is to growth performance, daily feed intake is 
even more important, at least as it relates to growth rate. Recent data comparing growth 
performance between a region feeding primarily corn and soya bean meal and one feeding 
primarily wheat, barley and canola meal revealed that d iets were typically higher in energy 
concentration in the corn-soya bean meal region (+8%) resu lting in better feed efficiency 
(+8%), but growth rate was actua lly lower (-6%). The basis for more rapid growth in the 
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region with the lower energy diets was a much higher daily feed intake (+16%). The higher 
feed intake could be due to health status, more generous floor space in the barn, or 
different genetics. Interestingly, energy efficiency, expressed as Meal/kg body weight gain, 
was only 1% higher in the region feeding the higher energy diet. This example illustrates 
the extreme complexity involved in selecting the optimal energy level for pig diets. 
Energy is a very complex subject for nutrit ionists for other reasons as well. Unlike amino 
acids, vitamins and minerals, which are all supplied by a specific diet component, energy 
is supplied by numerous constituents that differ in chemical structure and metabolic fate. 
Furthermore, the efficiency with which each is used differs among sources and is dependent 
on their ultimate metabolic fate (Patience, 2012). While there is general agreement on the 
best ways to represent vitamin, mineral and amino acid content of the diet, th is is not the 
case with energy. Some regions use NE, some use DE and others use ME. Some count ries 
have even developed their own national energy system. 
As a resu lt, meeting the energy requirements of the pig is no small feat, and depends 
on the nutritionist's ability to understand the relevant nutrition and biochemistry, as well 
as the economic implications of their decisions. Small errors can result in significant 
economic losses; multiplied across thousands or even millions of pigs, the impact on a 
single producer can be substantial. 
The unit of measurement for energy should be the j oule, according to the international 
system of units (SI). A j oule is the energy required to move a one-kilogram mass in one 
minute by a force of one Newton. While the joule has found widespread use globally, 
the calorie remains in common use in some regions. For the purpose of conversion, 
1 kJ = 0.239 kcal and 1 kcal = 4.184 kJ. 
3 Energy metabolism 
Energy is the fuel of life, and as such, supports the various functions in the pig's body including 
maintenance, deposition of body protein (lean) and deposition of lipid. In adult animals, it is 
used to sustain lactation or growth of the litter in utero. The universal currency of energy in 
the body is adenosine triphosphate or ATP; it is generated by oxidation and allows energy to 
be transformed from one form into another for the purpose of driving metabolic processes. 
The fi rst law of thermodynamics states that within a closed or isolated system, energy 
can be neither created nor destroyed, but it can be transformed from one form into 
another. The animal body is not a closed system, because it is constantly consuming feed 
and water, inspiring air, and concurrently eliminating urine, faeces and sweat, as well as 
expiring air. Thus, energy is in a constant state of flux, with energy in one form or another 
being transformed in the processes associated with what is broadly called metabolism. 
Animal energetics concerns itself with five d ifferent forms of energy: chemical, thermal, 
electrical, radiant and mechanical (Baldwin and Bywater, 1984; Botham and Mayes, 2006). 
According to Baldwin and Bywater (1984), pigs, like other mammals, obtain energy from 
the feed in chemical form, which they in turn use for the purposes of basal metabolism 
(heat), transfer to offspring as in lactation and pregnancy (chemical), store as tissue in the 
body (chemical) and use to perform work (heat, mechanical). 
The quantity of energy present in a mixed diet, in an ingredient or even in the animal's 
body, can be quantified according to the heat produced upon its complete combustion. 
Consequently, bomb calorimetry evolved as a relatively inexpensive, highly accurate and 
highly repeatable measurement of energy as it relates to nutrition. 
Cl:> Burleigh Dodds Science Publishing limited. 2017. All rights reserved. 
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While the total quantity contained in the diet can be determined through the use of 
bomb calorimetry, not all energy present in feed is available to the p ig. Some is undigested 
and lost via the faeces, and compounds that are derived from incomplete metabolism of 
protein are lost in the urine. In addition, the conversion of dietary energy into ATP is not a 
perfectly efficient process and losses occur during intermediary metabolism. Some energy 
is lost through the skin to the surrounding environment. A more complete explanation of 
the categories of energy supplied in the feed is provided in the following section of this 
chapter. 
Energy is supplied by oxidation of three dietary constituents: proteins and other 
nitrogenous compounds, carbohydrates and related compounds, and fats (Boisen and 
Verstegen, 2000). This makes energy unique, because in the case of nutrients such as 
amino acids, vitamins and minerals, there is a d istinct chemical structure for each. Thus, 
the study of calcium, for example, involves the study of th is single mineral element. The 
same applies to vitamins and to amino acids. In the case of energy, one can use bomb 
calorimetry to determine the sum of all energy sources in a feed or an ingredient, but to 
t ruly understand energy metabolism, one must understand how it is supplied by each 
ind ividual dietary component. This is critical, because the pig uses energy from fats, 
proteins and carbohydrates differently, and indeed, the efficiency with which each source 
is used depends on its metabolic fate - maintenance versus protein deposit ion versus lipid 
deposition (Birkett and de Lange, 2001 a). 
While different substrates can be used by the pig to generate energy in the body, the 
common denominator in all instances is ATP, the so-called energy currency in the body. 
In turn, ATP is formed from one of three processes: oxidative phosphorylation, which 
takes place in the mitochondria of the cel l; glycolysis, which releases ATP when glucose 
is broken down into lactate; and the citric acid cycle. Thus, energy can be derived from 
various dietary components, but th is common energy compound allows energy from any 
source to be used for a host of metabolic purposes. 
Energy consumed in the diet undergoes digestion in the intestinal tract. Proteins are 
broken down by peptidases into free amino acids as well as shorter-length peptides, which 
are then absorbed across the intestinal barrier into the blood st ream. The first priority for 
absorbed amino acids is synthesis of proteins, such as muscle and enzymes. However, the 
balance of amino acids in the diet rarely if ever matches the exact proportions of amino 
acids required for protein synthesis, so excess amino acids will be catabolized to release 
ammonia, along with a carbon skeleton that is available forfurther metabolism. Some amino 
acids, the so-called gluconeogenic amino acids, are degraded to pyruvate or TCA cycle 
intermediates, and can either be used to generate free g lucose or converted to g lycogen 
or fatty acids for storage. Other amino acids, called ketogenic amino acids, cannot be 
used for glucose synthesis, but rather are degraded to acetyl-CoA or acetoacetate and 
either used for energy directly in the TCA cycle, or converted to ketone bodies or fatty 
acids. Irrespective of the metabolism of specific amino acids, they can be - and are - all 
used as a source of energy for the body. It can therefore be seen that, whi le it is not their 
primary role in the body, amino acids represent a significant source of energy to the pig 
when present in excess of that needed for protein synthesis. 
Carbohydrates in the body have a primary role of supplying energy to the pig. Some 
carbohydrates, such as starch and lactose, can be digested in whole or in part by enzymes 
present in the intestinal tract or on the surface of the small intestine of the pig. These 
enzymes break carbohydrate chains into single sugars, such as g lucose (from starch, 
sucrose and lactose), galactose (from lactose) and fructose (from sucrose), which can then 
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be absorbed and delivered via the blood stream to the tissues requiring energy. Some 
tissues are obligate glucose users, which means they can only use glucose for energy, 
while other tissues can utilize fatty acids or other energy sources. When sugars are present 
in excess of that needed for immediate use as fuel, they can be stored in small quantities 
as g lycogen. Since this storage form has limited capacity, most of the excess intake of 
sugars is converted into triglycerides, with the formation of glycerol and fatty acids as 
intermediate steps. 
Other carbohydrates cannot be broken down by enzymes produced in the intestine 
of the pig and are therefore referred to as fibre. The only way they can contribute to the 
energy balance of the pig is via fermentation, which occurs primarily, but not exclusively, in 
the caecum and the large intestine. The products of fermentation are short-chained fatty 
acids, namely acetic acid, propionic acid, butyric acid and lactic acid. These fatty acids can 
be used by many tissues within the body as fuel but it is believed that most are used by the 
intestinal tissues themselves, and little if any is available for use by the periphery. However, 
fermentation is not a very efficient process, so from an efficiency perspective, nutritionists 
prefer products which are absorbed as sugars rather than fermented and absorbed as 
short-chained fatty acids. This explains the interest in the use of exogenous enzymes in the 
diet of the pig. If these enzymes can move digestion from the large intestine to the small 
intestine, then more efficient use of dietary energy is possible. 
Fats are handled somewhat differently from amino acids, glucose or fibre. Most fat in 
the diet exists as triglycerides, which consist of three fatty acid chains bound to a g lycerol 
'backbone'. Triglycerides cannot be absorbed as such, but must first be broken down by 
the enzyme lipase to form monoglycerides and diglycerides as well as free fatty acids; this 
process can only occur under certain conditions in the intestine, requiring emulsification 
by bi le salts, which, like lipase, are released from the pancreas. This combination of mono-, 
di- and triglycerides plus free fatty acids form mixed micelles in the presence of bile salts; 
these mixed micelles are then absorbed by the enterocytes of the small intestine. Once 
inside these intestinal cells, triglycerides are reformed and enter the lymph system for 
transportation to the blood stream. These chylomicrons may be absorbed into fat cells 
throughout the body, following digestion by lipoprotein lipase, which is concentrated in 
adipose tissue but is present in smaller concentrations in other t issues as well. Thus, fatty 
acids can be stored in the body in adipose tissue or can be utilized as an energy source 
via ~-oxidation. 
In a typical North American diet formulated for grow-finish pigs, containing 450 g/kg corn, 
300 g/kg soya bean meal, 200 g/kg corn distillers dried grains with solubles and 30 g/kg 
choice white grease (remaining 20 g/kg represents vitamins and minerals), approximately 
39% of NE will be derived from starch, 23% from protein, 23% from fat and 15% from fibre. 
4 Energy systems: overview, gross energy and 
digestible energy (DE) 
4.1 Overview 
In the field of nutrition, there is always a need to quantify the amount of energy or nutrients 
in a d iet or a feed ingredient. There is also always a need to quantify requirements. This 
is the role of systems. Without such systems - or something in its place - it would be 
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impossible to quantify the energy content of ingredients or to define requirements. It 
would also be impossible to formulate diets. This is a common theme throughout the field 
of nutrition. 
In the case of amino acids, the system might be standardized ileal digestible amino 
acids, although sometimes apparent ileal digestible values may be used (NRC, 2012). In 
the case of vitamins, it will be based on international units or as a concentration (mg/kg, 
or µg/kg), and in the case of minerals, it may be total concentration or, in some instances, 
digestible concentration, such as standardized total tract digestible phosphorus ( Almeida 
et al., 2010; NRC, 2012). 
Atwater (1910) provided an overview of the early concept of energy or 'fuel value' 
of dietary components for humans, and suggested that the fuel value of protein and 
carbohydrates was 4 calories per gram, while that of fat was 9 calories per gram. Fuel 
value was defined as 'the number of calories of heat which one pound of a given material 
would yield upon combustion, allowance being made for the nitrogenous products of 
metabolism of protein compounds which are not consumed in the body' (Atwater and 
Wood, 1896). These caloric values remain in use today on human food labels provided 
to consumers in the United States. As innovative as th is approach was at the time, it 
is surprising that these 'Atwater values' are still in use, despite more than a century of 
research which has revealed the wide range in digestibility of these components across a 
diversity of foods and the variation in energy concentration within these broad categories. 
This approach in human nutrition has the advantages of simplicity and ease of application, 
but is inaccurate as it relates to specific foods. 
In the world of pig nutrition, numerous energy systems are being used around the world, 
but considered objectively, none are perfect. All are more robust than the Atwater system, 
because they assign values to individual ingredients based on their specific degree of 
digestibility and, in some instances, as explained below, on the net available energy after 
accounting for the cost of utilization as well as digestibility. The problem with developing 
a universally accepted energy system is the fact that energy is derived from different 
sources, each of which is utilized by the pig with a differing degree of efficiency, combined 
with the fact that energy is used differently according to its metabolic fate. For this reason, 
some nutritionists believe that the ultimate energy system will not be a 'system' at all, but 
will involve a modelling approach that can handle the breadth and width of the complexity 
of the subject (Emmans, 199S; Birkett and de Lange, 2001 b; NRC, 2012). There are 
beginnings of such detailed energy models being used commercially, but at the moment, 
the pig industry is dependent on the more conventional systems approach. Models will 
more accurately quantify the energy being used by the pig under specific circumstances 
of growth, gestation or lactation, adjusted for the impact of environmental, health and 
social factors. 
Finally, irrespective of which energy system is used, it is essential to utilize data that have 
been determined using similar methodologies. For example, NE can be determined in 
one of three ways: serial slaughter, indirect calorimetry or regression. The serial slaughter 
method involves a feeding tria l in which some pigs are harvested at the beginning of a 
study while the remaining animals are fed the test diets and harvested at the end. The 
quantity of energy retained in the carcass over the experimental period is calculated as 
retained energy. Adding an estimate for the maintenance requirement to the retained 
energy will provide the NE content of the diet (Kil et al., 2011). 
Alternatively, and more commonly, pigs are placed in respiratory chambers in which 
oxygen consumption and carbon dioxide production can be accurately measured. This 
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information can in turn be used to estimate fasting heat production, which when added 
to retained energy is equivalent to NE. Retained energy is ca lculated as ME intake less 
heat production (Noblet et al., 1994a). The regression method will be explained below. 
The three methods may give very different NE values for a given ingredient or mixed feed, 
so it is very important that when choosing an energy system, values are derived using the 
same methods in all instances (NRC, 1998). 
4.2 Gross energy 
The classical approach to defining the available or effective quantity of energy content of 
ingredients and diets involves gross energy (GE), DE, ME or NE (Fig. 1; Patience, 2012). 
However, GE is never utilized in pig diet formulation because it ignores losses due to 
digestibility and metabolizability, and because it also fails to adjust for the efficiency with 
which differing sources of energy are used by the pig. 
GE can be determined by bomb calorimetry, which involves the complete combustion at 
25'C and standard pressure; the consequent rise in temperature is recorded and converted 
to an energy value, assuming a 1 'Crise in temperature of 1 gram of water equals 1 calorie 
(Hargrove, 2006). Alternatively, one can determine the constituents of an ingredient 
or feed, namely carbohydrates, protein and fat, and using the mean enthalpy of those 
100 
Energy in faeces 
85 
Energy in urine 





Figure 1 Representation of the classical energy systems and how they are calculated. The numbers on 
the left represent 'typical' percentages of gross energy included in each energy system. 
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constituents, estimate GE. Oresanya et al (2008) applied both methods to pig carcass 
analyses, and the resulting GE values differed by less than 2%. 
4.3 Digestible energy 
DE is greatly preferred over GE because it adjusts for losses of energy via the faeces; this 
system is broadly used and appreciated for its simplicity. Typically, the determination of 
DE is carried out in metabolism crates which permit control of animal movement and feed 
intake. Two approaches are possible. The total col lection method involves gathering of all 
faecal material over a specified t ime period, and then comparing the energy consumed in 
the diet with that lost in the faeces. The alternative is the marker method, which involves 
the use of an indigestible marker and calculation of apparent total tract d igestibility (ATTD) 
according to the following equation (Oresanya et al., 2008): 
ATTD, % = [100-[100 x (% marker in feed/% marker in faeces) x (concentration of energy 
in faeces/concentration of energy in feed)]]. 
The ATTD of energy is then multiplied by the GE of the diet to determine the DE 
concentration of the diet; this equation can be applied as either fed basis or dry matter 
basis, as long as one is consistent throughout. Commonly used markers include chromic 
oxide, titanium dioxide and acid-insoluble ash (AIA; Kavanagh et al., 2001). AIA can be 
a great choice of marker when the ingredients in the diet contain sufficient naturally 
occurring AIA to serve as a marker - preferably >0.35%. This removes the need to add 
an exogenous marker. This achieves considerable cost savings, and the AIA assay is not 
difficult. 
The marker method can be applied under field conditions to permit determination 
of the DE content of a d iet used commercially. However, it must be noted that values 
obtained under such conditions may differ somewhat from those determined when 
feed intake is restricted. Indeed, the topic of selection of methodology to undertake 
the determination of DE is somewhat controversial, as results will be influenced by the 
housing system (Bakker and Jongbloed, 1994; Holloway and Patience, 2014), the specific 
marker employed (Kavanagh et al., 2001), the collection method (Li et al., 2016), the age 
of the pig (Shi and Noblet, 1993) and the composition of the basal d iet (Li et al., 2016). 
The DE content of a diet or ingredient can also be estimated from their chemical 
composition. Following are example equations which are available for this purpose 
(Noblet and Perez, 1993): 
DE (kcal/kg DM) = 1,161 + (0.749*GE) - (4.3*Ash)- (4. l*NDF) 
DE (kcal/kg DM) = 4,168- (9.1 *Ash)+ (1.9*CP) + (3.9*EE) - (3.6*NDF) 
where NDF is neutral detergent fibre, CP is crude protein and EE is ether extract, all 
expressed as g/kg DM. 
Also, DE can also be estimated using near-infrared spectroscopy (N IRS). For this 
purpose, DE is determined using classical digestibi lity experiments, and samples are 
then scanned using an NIRS instrument (van Barneveld et al. , 1999). When sufficient 
samples have been determined - probably in the range of 7 5 to 100 for each ingredient 
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or diet type - a satisfactory prediction equation can be developed and applied to future 
samples of these same ingredients or feed types (Aufrere et al., 1996). Over t ime, 
additional samples should be evaluated using classical methods to ensure that there 
has been no 'drift' and that the NIRS prediction equations are still va lid. This process of 
recalibration is particularly important with each new crop year, when changes are likely 
to be greatest. 
As mentioned above, DE is determined by measuring the quantity of energy excreted from 
the body in the faeces. It is therefore assumed that if energy does not appear in the faeces, 
it must have been absorbed and therefore was 'digested'. However, this assumption ignores 
another pre absorptive loss of energy from the intestinal tract, namely gases emitted- primarily 
methane and hydrogen - resulting from fermentation processes. However, by convention, 
these are not included in DE, but rather are considered in ME and will be discussed below. 
DE represents about 80 to 85% of GE in typical commercial d iets, but can vary widely 
among individual ingredients, from 50% to 98%. If all other conditions remain the same, 
this ratio tends to narrow as pigs grow from birth through to adulthood. 
5 Energy systems: further options 
5.1 Metabolizable energy 
ME is calculated by deducting urinary and fermentative gaseous losses of energy from 
DE. Loss of energy via the urine is correlated with amino acids, which are not incorporated 
into body protein (lean plus enzymes) and are therefore metabolized, with the associated 
amino group excreted as ammonia or urea in the urine. 
Urinary gaseous losses represent the consequence of fermentative processes and are 
related to the fermentable fibre content of the diet. Gaseous losses are often ignored 
in the determination of ME due to the assumption that such losses are relatively minor 
in magnitude. Noblet et al. (1994b) reported that methane losses amount to only about 
0.4% of DE intake in growing pigs. However, gaseous losses are increased in d iets containing 
higher levels of fermentable fibre, to as high as 3% of DE (Shi and Noblet, 1993). There is 
another reason why gaseous losses are rarely measured; it is very expensive, and requires 
highly specialized equipment, which, due to its expense, is avai lable to only a handful of 
researchers and no one in the private sector. 
ME can be, and often is, estimated from DE using prediction equations, due to the cost 
and time required to collect urine and measure its GE content. Since the major source of 
energy in the urine is excreted urea, LeGoff and Noblet (2001) developed the following 
equation to estimate ME from DE: 
M EIDE = 100.3 - (0.021 *CP) 
where CP is the crude protein content of the diet, expressed as g/kg of DM. Other 
approaches have been used. Rather than the direct determination of the GE content of 
urine, it can be estimated from the nitrogen content of urine according to the following 
equation (Noblet and van Milgen, 2004): 
GE"''"' (kcal/kg) = 45.9 + 7.4*N 
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where N is the nitrogen content of urine expressed as g/kg. ME can thus be calculated by 
subtracting the energy lost via the urine, from the DE content of the diet. 
ME is widely used by the pig industry in North and South America, and is considered 
to be slightly more precise than DE. ME is typically 94 to 97% of the DE content of most 
practical diets. This range widens, of course, when considering certain ingredients with 
high crude protein content, such as soya bean meal or canola meal, where the ratios are 
91 and 92%, respectively (NRC, 2012). 
5.2 Net energy 
NE is gaining increased attention in North America and is used in a number of European 
countries; in addition to the faecal and urinary losses addressed by DE and ME, respectively, 
NE also accounts for the varying heat increment among ingredients, which includes energy 
used for ingestion, digestion and the metabolic utilization of ME (Noblet and van Milgen, 
2013). Because NE quantifies the energy available to the pig for maintenance and productive 
purposes, it is generally considered to be the best of the currently available energy systems 
(Noblet and van Milgen, 2004; Acosta et al., 2016). However, it is not the perfect energy 
system for a number of reasons. First, NE is difficult and expensive to determine; as explained 
above, indirect ca lorimetry is most commonly used, but few institutions have the required 
equipment and the procedure is slow and laborious, and therefore expensive. Furthermore, 
the conditions under which NE is determined, in a calorimetry chamber, is far removed from 
the conditions under which pigs are housed on farms. It is not known how much error is 
involved, but it is a question of interest. Boyd et al. (2015) suggested that large-scale growth 
studies under commercial conditions can be used to validate NE values of ingredients. 
Indeed, this approach should work equally well for DE and ME. 
The second concern with NE is related to the fact that NE is used with differing 
efficiencies, depending on its fate, so even a more precise measurement of energy 
content of the diet may not provide greater accuracy in predicting animal performance. 
If maintenance varies among genotypes, the differences are likely to be small, but the 
ratio of energy directed to lipid accretion versus protein accretion can be quite large. 
Furthermore, maintenance energy may differ widely depending on the health status of the 
pigs or the physical (thermal) environment in which they live. This is important, because 
the efficiency with which dietary energy is used for maintenance, protein accretion and 
lipid accretion varies to a considerable extent (Patience, 2012). However, having noted 
this concern, NE more closely quantifies the energy available for maintenance and gain 
than does DE or ME, and for this reason, is being more widely adopted. Indeed, these 
criticisms of NE also apply to DE and ME. The efficiency with which DE or ME are used 
for maintenance, protein accretion and lipid accretion will also differ. The fundamental 
advantage of NE, then, is to get metabolically closer to the ultimate utilization of energy 
by the pig, after compensating for issues largely related to the ingredient composition of 
diets: digestibility and metabolizability. 
NE can be estimated from DE or ME using prediction equations based on the chemical 
composition of the feed (Noblet et al., 1994): 
NE ~ (0.700 X DE) + (1.61 X EE) + (0.48 X starch)- (0.91 X CP) - (0.87 X ADF) 
NE • (0.726 X ME) + (1.33 X EE)+ (0.39 X starch) - (0.62 X CP) - (0.83 X ADF) 
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Table 1 Relative energy values of common feed ingredients. The energy value of corn was arb itra rily 
set at 100 as the basis for these va lues 
Ingredient Digest ible energy Metabo lizable energy Net energy 
Corn 100 100 100 
Barley 91 91 87 
Wheat 96 95 93 
Wheat middlings 89 87 79 
Oats 76 75 71 
Oat groats 107 106 102 
Field peas 102 99 91 
Lentils 103 99 91 
Sunflower meal (dehu lled, 82 76 55 
extracted) 
Canola meal (extracted) 95 89 71 
Soybean meal (dehulled, extracted) 105 97 78 
Choice white grease 240 239 268 
Corn oil 254 253 283 
Tallow, beef 232 231 258 
Source: NRC (201 2). 
where EE is ether extract, CP is crude protein and ADF is acid detergent fibre. All dietary 
constituents are expressed as g/kg, and NE and DE are expressed as kcal/kg. 
The ratio of NE to ME varies widely, due to the impact of ingredient composition on 
heat increment. It wi ll be relatively narrow for ingredients low in fibre and protein, such as 
corn (79%) and much wider for ingredients high in protein such as soya bean meal (63%) or 
high in both protein and fibre such as canola meal (66%). Because this ratio varies widely 
among ingredients, NE is considered more precise than ME or DE. Theoretically, the 
benefit of utilizing NE is modest in terms of predicting animal performance - perhaps in 
the range of 1 to 2%. The greatest benefit of using NE in commercial practice is the more 
effective relative pricing of ingredients that vary in their contribut ion to heat increment, 
and thus their value to the pig as an energy source. Due to the widely varying levels of 
protein and complex carbohydrates across ingredients, the relative value of ingredients 
will vary, depending on the energy system used. This is illustrated in Table 1, which is 
based on Nutrient Requirements of Swine (NRC, 2012) energy values. 
5.3 Other energy systems 
The Danes have developed their own energy system, known as the PPE system (Boisen, 
2007; Tybirk et al. , 2013). This system is based on physiologically available energy (ATP), 
which is obtainable following the oxidation of diet constituents at the cellular level. PPE 
is determined in three steps: chemical analysis of dietary constituents, namely water, ash, 
crude protein and crude fat, followed by determination of in vitro digestibility at the ileal 
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and faecal levels, and, finally, followed by the estimation of the energy values from the 
above information (Tybirk et al., 2013). 
It is beyond the scope of this chapter to discuss the various energy systems in detail, but 
readers are directed to the following recent reviews for additional information (Patience, 
2012; Kil et al., 2013; Szabo and Halas, 2013; Velayudhan et al., 2015). 
5.4 Another option: modelling 
Perhaps the ultimate answer to achieving the highest level of predictability between dietary 
energy content and animal performance is the use of modelling. As previously stated 
above, energy is a particularly difficult dietary component to study due to the fact that 
energy comes from different feed constituents (fibre, protein, lipid and starch), each with 
different post-absorptive utilization. Further, such efficiency is driven not only by source but 
also by metabolic utilization (maintenance vs. lipid accretion). It is therefore unreasonable 
to expect a classical energy system to accurately predict animal performance. The fact 
that energy is a very significant component of the total cost of pork production provides a 
strong motivation to achieve a higher degree of precision. 
However, modell ing of energy utilization has received relatively little attention 
(Kielanoswki, 1966; Birkett and de Lange, 2001 a,b}. It is a highly complex subject, and 
progress in the development of a model is likely to be slow and painstaking. 
6 Evaluating energy sources, determining energy 
requirements and improving energy availability 
6.1 Energy sources 
Energy can be suppl ied in the diet by starch and other simple carbohydrates such as lactose, 
by more complex carbohydrates known as fibre, by individual amino acids within protein 
and by lipids. The quantity of energy supplied by a dietary constituent will be a function 
of the ratio of carbon plus hydrogen to oxygen [(C+H):0]. This explains, in part, the higher 
energy provided by fatty acids, as a large portion of their structure consists of carbon and 
hydrogen, relative to oxygen, compared to, for example, glucose or amino acids. 
The GE of amino acids varies by a factor of 2.3, so the GE of a protein will be dependent 
on its amino acid composition. Phenylalanine contains the greatest quantity of GE at 
6.74 Meal/kg, followed by isoleucine, leucine and tryptophan with 6.60 Meal GE/kg. At 
the low end, aspartic acid, glycine and serine each contain 2.89, 3.08 and 3.30 Meal GE/ 
kg, respectively. In terms of the so-called most limiting amino acids in most practical diets, 
lysine contains 5.62 Meal GE/kg, methionine contains 4.45 Meal GE/kg, threonine contains 
4.11 Meal GE/kg and tryptophan contains 6.57 Meal GE/kg. On average, a typical protein 
contains 5.66 Meal GE/kg, but of course, this depends on the proportion of individual 
amino acids present (Boisen and Verstegen, 2000). 
The GE of carbohydrates varies from 4.18 Meal/kg for starch and cellulose to 3.73 Meal/kg 
for glucose. The GE of short-chained fatty acids ranges from 5.95 Meal/kg for butyric acid 
to 3.49 Meal/kg for acetic acid. Finally, the GE of longer chain fatty acids ranges from 9.54 
Meal/kg for oleic and stearic acid to 7.74 Meal/kg for caprylic acid. The mean GE for fats is 
9.30 Meal/kg, about 1.64 times that of protein and 2.2 times that of glucose and cellulose 
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Table 2 Marginal energetic efficiency of using digestible nutrient components for generating ATP or 
depositing lipid 
Generating ATP Depositing lipid 
Source Efficiency % relative to fatty acids Efficiency % relative to fatty acids 
Fatty acids 66 100 90 100 
Glucose 68 103 74 82 
Amino acids 58 88 53 59 
Crude fat 50 76 62 69 
Source: Black (1995), as adapted by Birkett and de Lange (2001a). 
(Boisen and Verstegen, 2000). Again, the actual GE of a fat wi ll depend on its fatty acid 
profile. 
The digestibil ity of dietary components is also an important variable. While the GE of 
starch and cellulose is the same, they vary widely in their DE, due to the relative ease 
with which starch can be broken down into glucose compared to the absence of not only 
necessary cellulytic enzymes, but also a microbiota that can assimilate cellulose. The third 
factor is the efficiency with which dietary components can be used by the p ig to generate 
ATP, for the purpose of maintenance and protein accretion or to deposit lipid in the body. 
The differences in such efficiencies are clearly summarized in Table 2. 
From a practical perspective, physical bulkiness wi ll also influence the quantity of 
energy that ingredients can supply to the pig. Concentrated sources of energy, such as 
starch or lipids, can be consumed in relatively large quantit ies without restriction due to 
the volumetric capacity of the GI tract. On the other hand, bulky sources, such as highly 
fibrous ingredients, cannot meet the pig's need for the quantity of energy required for a 
high growth rate, or high rate of lactation, due to physical gut capacity. 
The energy value of fats typically increases with an increase in the ratio of unsaturated 
fatty acids to saturated fatty acids (Wiseman et al., 1998). The change in energy content 
is greatest when the ratio increases from 1.25:1 to 2.25:1, and is more marked in younger 
than older pigs. 
6.2 Energy requirements 
Few tables of nutrient requirements provide a 'requirement' for energy. There are many 
reasons for this. One is regional differences in energy levels that result from the constraints 
of the local economy. Another is a lack of knowledge of the energy requirements of specific 
genotypes of pigs arising from inadequate information on the relative rates of protein and 
lipid deposition. The response of the pig to dietary energy concentration represents a 
continuum of rate and efficiency of growth, as well as carcass composit ion, specifical ly 
the ratio of protein to lipid. For example, the requirement for an amino acid is typically 
defined by the concentration in the diet, or the daily intake, that maximizes rate and 
efficiency of gain. Levels of the amino acid below this concentration wi ll result in slower 
and less efficient growth and a lower ratio of protein to lipid in the carcass. Feeding above 
the requirement offers no change in any of these outcomes. In the case of energy, there 
is no concentration in the diet that maximizes growth rate, feed efficiency and carcass 
lean content. Feeding less energy in the diet will reduce growth rate and feed efficiency 
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but feeding higher levels will increase growth rate - up to the maximum capacity of the 
pig. Feed efficiency will continue to improve as energy concentration is further increased 
(Beaulieu et al., 2009). As a result, the 'requirement' for energy is less well defined than it 
is for nutrients. 
In most instances, nut ritionists set the level of energy in the diet based on economics. 
Higher energy levels often lead to faster growth, and in the North American pork industry 
production model, rapid growth is a very high priority. In other parts of the world, growth 
rate is secondary to carcass fat content, leading to perhaps lower energy levels in the diet, 
or even limit feeding of pigs, especially barrows, to reduce lipid accretion in the body. 
Nonetheless, producers located in corn-growing areas will typically feed higher energy 
diets than those in cereal grain-growing areas. Because energy is the most expensive 
component of the diet, selecting the optimal energy level in the diet is crit ical to the 
overall achievement of animal performance targets, balanced against financial goals. 
A pig's use of energy can be defined by the following equat ion: 
where MEM represents the ME required for processes associated with maintenance, MEP0 
represents the ME required for protein deposition and MELD represents the ME required 
for lipid deposition. In this instance, maintenance will include not only fasting heat 
production, but all non-productive functions, including the energy required for thermal 
homeostasis, immunological response to disease challenges, activity and responses to 
social stressors. In the case of the nursing sow, the energy requirement is the sum of that 
required for maintenance and lactat ion and, in some instances, lean gain if the sow has not 
yet reached mature body weight. In the gestating sow, the energy requirement is the sum 
of that required for maintenance and the developing foetal and reproductive tissue, with 
an allowance for growth in the instance of a gilt. In the case of sows, there is the energy 
needed for the replenishment of body reserves lost during the previous lactation. 
The partitioning of energy across the various functions can be estimated arithmetically. 
Using a 50 kg pig g rowing at 850 g/d as an example, the maintenance energy (ME, 
kcal/d) can be estimated as 197 X BW0060 (NRC, 2012), or 2,060 kcal MEid. If a diet 
contains 3,200 kcal ME/kg, then 0.64 kg of feed per day would be required to meet the 
pig's maintenance energy requirement. This estimate would need to be adjusted upward 
if the pig is exposed to thermal stress, social st ress or disease. Assuming that the pig is 
gaining 135 g protein per day, the ME required for this purpose would be 1,354 kcal/d, 
assuming the efficiency with which diet ME is used for protein accretion is 10.03 kcal/g 
(Patience, 2012). The remainder of the daily ME intake would be used for lip id accretion; 
in this example, a 50 kg pig would reasonably be expected to consume 6,240 kcal MEid. 
Thus, the pig would have 2,826 kcal MEid available for lipid accretion. Assuming an 
efficiency of 11.65 kcal ME/g of lipid deposited (Patience, 2012), the lipid accretion rate 
would be 243 g/d. This result s in a lipid:protein ratio for a gain of 1.8, which is very 
reasonable. It also results in a feed conversion ratio of 2.30 kg feed per kg body weight 
gain, which is also reasonable for a healthy pig. Of course, these estimates represent 
averages. Individual pigs and g roups of pigs may vary considerably based on genotype, 
d iet, season, health and social factors. 
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6.3 Processing diets to improve energy availability 
Most ingredients are processed before being included in p ig or poultry diets. For example, 
grains will be ground to reduce particle size and thus improve digestibility. Often, diets 
are also pelleted to increase availability of energy. In specialized circumstances, more 
expensive options are employed, including expansion and extrusion (Stark, 2012). 
The addition of d igestive enzymes to swine diets is also practised to improve the 
digestibility of energy. Examples include carbohydrases (xylanases, ~-glucanases, 
cellulases) and proteases. These products tend to be more effective in the diet of young 
pigs, but further development offers the potential for expanded use. Any technology 
that can help the pig industry utilize highly fibrous ingredients more effectively will be 
welcomed, provided the benefit is economically sound. 
7 Summary 
In summary, meeting the energy needs of the pig is a highly complex topic. Energy itself 
is one of the most complicated topics in nutrition, because it is provided by a d iverse 
array of components in each ingredient: protein, lipid, sta rch and fibre. Each component 
is processed in a somewhat different fashion, and the efficiency with which each is 
metabolized depends on its post-absorptive fate. Yet, energy is by far the most expensive 
component of the diet and as such, warrants a high level of research to improve our 
understanding and achieve greater success in its use. Indeed, it is clear that the pork 
producer - individual or regional - which acquires dietary energy at the lowest cost, and 
uses that energy most efficiently, will be the most compet itive in the future, all other 
factors being equal. 
Future research is likely to focus on enhancing our understanding of how to best supply 
energy to the pig and how the pig uses that energy for maintenance and productive 
purposes. This will include continued research on the most effective way to incorporate 
highly fibrous - but often less expensive - ingredients in the diet of the pig, because 
agriculture is in competition with other industries for basal ingredients such as corn, 
sorghum, wheat and barley. There will also be continued research on dietary fats as a 
way to enhance pig performance, while also avoiding adverse effects on the quality of 
the carcass or pork. Fats are high in energy, but also tend to be expensive. Fats currently 
represent an effective way to counter the energy reducing effects of fibre in the diet , but 
this will only be successful if fats are competit ively priced. 
Research will also focus on how excess amino acids in the diet are utilized for energy. 
Because starch is valued in various industrial processes, there will likely be increased 
research on the minimum glucose requirement of the pig. This seems far-fetched at this 
t ime, but starch could be a highly prized commodity in the not-too-distant future. 
Finally, future research will seek to understand how the pig responds to energy, in 
terms of the rate and efficiency of gain, the impact on t he carcass and the impact on 
the environment. Modelling is likely to gain in acceptance and adoption as a means to 
better understand in a holistic manner the response of the pig to energy, a vehicle to the 
development of the most effective feeding programmes. 
There are no textbooks on energy nutrition of the pig, and often, books on nutrition 
devote only small portions of the total volume to the subject. Interested readers are 
encouraged to seek out these chapters in books, most of which are listed below. They are 
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also invited to study review articles on the topic; again, excellent examples are listed in the 
references section of this chapter. 
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